on behalf of the IDEFICS Consortium OBJECTIVE: To investigate the association between gestational weight gain (GWG) and total adiposity, body fat distribution, blood pressure (BP), and metabolic profile in offspring. DESIGN: Cross-sectional study. METHODS: Body mass index (BMI), waist, subscapular and tricipital skinfolds, and BP were measured and blood samples drawn in 12 775 children (aged 2-9 years) from the IDEFICS cohort. Overweight/obesity was defined by IOTF criteria. Parents filled in a questionnaire investigating child and familiar medical history and lifestyle. A section was dedicated to pregnancy history (including GWG). RESULTS: Anthropometric indices linearly and significantly increased across GWG tertiles (BMI z-score: tertile I ¼ 0.08, 0.03-0.13; tertile II ¼ 0.16, 0.12-0.21; tertile III ¼ 0.34, 0.28-0.40, Po0.01, mean, 95% CI) by analysis of covariance (ANCOVA) adjusted by child sex, age and practice of sport, birth weight, current maternal BMI, parental education, gestational age, age at delivery, alcohol and smoking during pregnancy, maternal diabetes mellitus, gestational hypertension, and breastfeeding duration. After inclusion of BMI z-score among covariates, HbA1c significantly increased across tertiles (P ¼ 0.009) while no differences were observed for BP, serum insulin, HOMA index, blood glucose and lipids. The adjusted risk of overweight/obesity significantly increased by 14 and 22% in tertiles II and III respectively, in comparison with tertile I by logistic regression analysis controlling for covariates. CONCLUSION: Maternal GWG is an independent predictor of total adiposity and body fat distribution in offspring during infancy. Exposure to perinatal factors should be taken into account for early prevention of overweight and obesity.
INTRODUCTION
The role of intrauterine environment in the future development of disease in offspring is an issue of extreme interest. So far, gestational weight gain (GWG) has been considered as an easy-tomeasure estimate of intrauterine environment status and indeed, it is considered as an important determinant of the outcomes of delivery; for this reason, the Institute of Medicine (IOM) provided recommendations and cut-off values for GWG that were specifically individualised to pre-pregnancy body mass index (BMI). 1 Recent studies suggested that GWG, and more in general pre-natal factors, might play a role in the development of obesity later in life. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In particular, previous studies suggested that the maternal weight gain during pregnancy is associated with BMI of offspring during adult life 8, 9 or childhood/adolescence; 3-6,9,10 the observed association was independent of relevant risk factors for overweight such as birth weight, maternal BMI, age and education level. 13 Genetic factors are likely to mediate the association between maternal GWG and future development of overweight in offspring. 14 However, evidence arose also for non-genetic perinatal factors possibly acting on offspring BMI, either in the shared familiar environment 15 or changes in the intrauterine environment, [16] [17] [18] [19] [20] the latter possibly involved in the permanent modulation of appetite control, and in the neuroendocrine pathways influencing adipose tissue development/function or energy metabolism. 16, 20 However, although GWG was the object of many studies, some aspects need to be further clarified. First, only a few studies investigated till now on the role of GWG in the early development of overweight and obesity; in addition, in the majority of available studies, the outcome index mostly used was BMI, while no or little information is available on the association between GWG and other anthropometric measures, with particular regard to body fat distribution. Furthermore, the association between GWG and adiposity has been seldom investigated in large paediatric populations taking also into account, at the same time, of other possible health outcomes such as alterations of metabolic profile and high blood pressure.
The aim of this study was to evaluate the association between GWG, total adiposity, body fat distribution, blood pressure and metabolic profile in children participating in the IDEFICS project, a 1 large survey of childhood obesity carried out in eight European countries.
PARTICIPANTS AND METHODS

Study population
The IDEFICS project (Identification and prevention of Dietary-and lifestyleinduced ; mean±s.d.) were comparable to the group of children included in the present analysis. Parents or legal guardians, provided written informed consent to participate in the full programme or in a selected set of examination modules. For each survey centre, the approval of the local Ethical Committee was obtained.
Physical examination
Children underwent physical examination in the morning, in a quiet and warm room, according to the standardized procedure with validated intra-and inter-observer reliability for all the measurements. 22, 23 Body weight was measured on a standard electronic balance scale (Tanita BC 420 SMA, Tanita Europe GmbH, Sindelfingen, Germany), of children with fasting and wearing indoor clothes without socks. Height was measured by a stadiometer (SECA 225, Birmingham, UK), of children standing with feet slightly apart and back touching the vertical board. BMI was calculated as weight in kilograms divided by the square of the height in metres. Waist circumference was measured at the midpoint between the top of the iliac crest and the lower rib border, with a flexible inextensible plastic tape at the end of a normal expiration, of the child standing erect with the abdomen relaxed, arms at the sides and feet together. The measurement was approximated to the nearest 0.1 cm. Centre for Disease Control sexand age-specific z-scores were used to normalise BMI measurements, 24 given the wide age-range and, consequent heterogeneity in body size.
Participants were classified as normal weight, overweight or obese according to the standard definition criteria adopted by the International Childhood Obesity Task Force. 25 For the purpose of the present analysis, participants were grouped into normal weight and overweight/obese (overweight plus obese) children.
Skinfold thickness was measured by a Holtain Calliper (Holtain, Holtain Ltd, Crymych, UK, range 0-40 mm). The operator took the measurement at the right hand side of the child in a standing position. Measurements were taken twice and the average value was used for statistical analysis. Triceps skinfold was measured on the long axis of the upper arm midway between the acromion and the radium, with the arm relaxed, the elbow extended and hanging just away from the side of the trunk and the palm facing the observer. Subscapular measurement was taken 2 cm below the vertex of the scapula in a line 451 laterally.
Blood pressure (BP) was measured with an automatic device (Welch Allyn 4200B-E2, Welch Allyn Inc. NY, Skaneateles Falls, USA), using a cuff appropriated to the arm circumference of the child, according to the standardized procedure. Children were asked to be seated for at least five minutes; two records were taken, with two minutes interval in between, plus a further one in case of difference 45% in BP between the two previous readings. Normalised (z-score) average systolic and diastolic blood pressure values were calculated for statistical analysis.
Biological samples
Parents of participating children were asked to keep their child without eating and drinking (except water) for at least 8 h prior to blood drawing. Blood was drawn in the morning from the child either sitting or lying down and parents were asked to attend the drawing. Preferably, venous blood samples were obtained; if no venous blood could have been taken, capillary blood was obtained. Total cholesterol, high density lipoprotein cholesterol, triglyceride and glucose were measured on a single blood drop by an automatic analyser (Colestech, LDX System, Cholestech Corporation, Hayward, CA, USA). Low density lipoprotein cholesterol was calculated by Friedewald formula. 26 Data of serum lipids and glucose were available in 10 258 children. If a venous sample was available (n ¼ 6808 in the present analysis), blood remaining after point-of-care analysis was centrifuged and sera immediately frozen at À 80 1C to be subsequently shipped for centralised determination of serum insulin (Radio immuno assay method) and high sensitivity C-reactive protein (hCRP, latexenhanced nephelometry). 27 HOMA index was calculated according to the formula: blood glucose (mmoll À 1 ) Â plasma insulin (mUl À 1 )/ 22.5.
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Parental questionnaire
Parents were asked to fill in a questionnaire, checked for completeness and consistency at the time of the visit by a field-team component. The questionnaire investigated personal and familiar medical history: a section of the questionnaire was specifically devoted to pregnancy and child birth related matters. 29 In particular, with regard to pregnancy, mothers were specifically asked: 'How many kilograms did you gain in total during pregnancy with your child?'. The population was divided for the purpose of the analysis by centre-specific GWG tertiles (median, interquartile range; tertile I, n ¼ 5330: 10, 8-11 kg; tertile II, n ¼ 3440: 14, 13-15 kg; tertile III, n ¼ 4005: 20, 18-24 kg) in order to 'normalise' the impact of the heterogeneity in the composition of the population participating in the IDEFICS project. Based on the reported anthropometric measures, relevant differences in maternal body size were indeed observed across centres. Maternal height, for example, ranged on average from 163 cm in Spain to 167 cm in Estonia.
Additional questions on pregnancy regarded mother's age at birth, duration of gestation (weeks), gestational or pre-pregnancy hypertension (gHPT, yes/no) and gestational or pre-pregnancy diabetes mellitus (gDM, yes/no). Also lifestyle during pregnancy was investigated with particular regard to alcohol consumption (four categories from never to several times per week) and smoking (four categories from never to daily). Finally, weight (g) and length (cm) of the child at birth, and duration (months) of breastfeeding (both exclusive and mixed) were reported.
The questionnaire also investigated socio-demographic data, personal and family lifestyle, leisure time activities. Physical activity of the child was evaluated by his/her participation in a sport club activity (yes/no). Maternal BMI was calculated by height and weight reported in the questionnaire at the time of the visit. Educational level of parents was categorised according to the International Standard Classification of Education (ISCED) 30 in six categories (0-5). A score was calculated by adding the ISCED level of the father to that of the mother; for the purpose of this analysis, quartiles of this score were used.
Statistical analysis
Data were expressed as mean and 95% CI. Age-and sex-specific BMI and waist circumference z-scores, and sum of skinfolds were the anthropometric indices used for statistical analysis. Differences between means were tested across GWG tertiles by analysis of variance (P for trend) or chisquare test, as appropriated. ANCOVA (P for trend) with post-hoc analysis for multiple comparison was used to evaluate the relationships between GWG tertiles and variables of interest (anthropometric indices, BP and serum biochemistry) according to two models. In Model 1, independent variables included were: sex, age, practice of sport of the child, current maternal BMI, parental education level, gestational age, maternal age at delivery, alcohol and smoking during pregnancy, birth weight, breastfeeding duration, gHPT and gDM. Model 2 evaluated the association between BP and metabolic variables with GWG and therefore also included BMI z-score (or waist z-score) in addition to the variables in Model 1. The association between GWG and anthropometric indices, BP, lipid and glucose metabolism profile was further analysed controlling exclusively for available pregnancy-related variables (gestational age, maternal age at delivery, alcohol and smoking during pregnancy, birth weight, parental education, gHPT and gDM). Logistic regression analysis was used to estimate the relative risk of overweight/obesity by GWG tertiles controlling for the same variables of ANCOVA Model 2. Statistical significance was set at Po0.05. Statistical analysis was performed by PASW Statistics 18 (SPSS Inc., Chicago, IL, USA). Table 1 shows the characteristics of the population by GWG tertiles. Slight, but statistically significant, differences were observed across GWG tertiles for age of children and gender distribution. BMI (as either absolute value or age-and sex-specific z-score), waist circumference and sum of skinfolds were significantly higher in the highest tertile of GWG in comparison with the other subgroups. Systolic blood pressure (absolute value) significantly increased across GWG tertiles. No statistically significant differences were observed when SBP z-scores were considered (data not shown).
RESULTS
With regard to glucose metabolism indices (Table 1) , all considered variables but HbA1c significantly increased across GWG tertiles. Both total and low density lipoprotein cholesterol significantly differed across tertiles, but no linear trend was apparent; high density lipoprotein cholesterol, triglycerides were similar across GWG tertiles, as well as it was the regular practice of sport. Maternal BMI was significantly higher in the highest tertile whilst parental education level was inversely associated to GWG. Table 2 illustrates mothers' and children' characteristics during pregnancy and at birth. In particular, smoking during pregnancy was less frequent in mothers in the GWG II tertile whereas alcohol abstinence was more common among mothers in the highest GWG tertile. gHPT was more common (almost 2-fold) among mothers in the highest tertile of GWG, whereas the prevalence of gDM was significantly higher in the lower GWG tertile. GWG was directly associated with child weight and length at birth, whereas Abbreviations: gDM, gestational diabetes; gHPT, gestational hypertension; GWG, gestational weight gain. Data are mean (95% CI); ANOVA P for trend: *Po0.001 and **Po0.0001.
Gestational weight gain and body fat in offspring M Dello Russo et al an inverse association was found with the duration of breastfeeding.
Multivariate analysis At multivariate analysis, GWG was a statistically significant, independent determinant of all anthropometric indices under investigation, that is, BMI and waist z-scores and sum of skinfolds either in the model including only pregnancy related variables (data not shown) or in Model 1 (Table 3) . After the inclusion of child BMI among covariates (Model 2), the association between GWG and blood pressure was no longer significant (Table 3) ; similarly, using this model, no statistically significant differences were observed in lipid profile and glucose metabolism indices but for HbA1c, significantly higher the higher the GWG (Table 3) . Similar results (data not shown) were obtained by replacing BMI z-score with waist z-score in Model 2. At logistic regression analysis, the risk of overweight/obesity in offspring increased by 14 and 22% for children in the middle and the highest tertile respectively, in comparison with children in the lowest GWG tertile (Figure 1 ), after adjustment for child sex, age and practice of sport, birth weight, current maternal BMI, parental education level, gestational age, age at delivery, alcohol and smoking during pregnancy, gDM, gHPT, and breastfeeding duration. No significant differences in the risk of overweight/ obesity were observed by comparing the second and the third GWG tertile.
We also analysed separately the risk for overweight and that for obesity by GWG tertiles: the risk for child overweight was significantly higher in children born from mothers in the second (1.21, 1.04-1.41, OR, 95% CI) and in the third (1.20, 1.03-1.39, OR, 95% CI) GWG tertile, whilst the risk of obesity was significantly increased only in children born from mothers in the upper GWG tertile (1.33, 1.09-1.62, OR, 95% CI).
DISCUSSION
The present study documented an independent, statistically significant, direct association between maternal GWG and degree of adiposity in offspring. In particular, children in the highest tertile of maternal GWG, showed higher BMI, waist circumference and skinfold thickness as well as higher prevalence of overweight/ obesity.
GWG may influence health status in offspring even in an early phase of life, possibly throughout the changes in the intrauterine environment and alterations in hormonal profile 31 that might act, in turn, on appetite control, adipose tissue deposition and energy balance. [16] [17] [18] [19] [20] 31 In particular, in animal models foetal and neonatal insulin and leptin levels have been shown to affect the development of specific neural structures, such as the hypothalamus, that might permanently influence energy balance. 31 Our study confirmed previous studies published in this issue [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and added relevant pieces of information; indeed, in the majority of cases, the association between GWG and adiposity during childhood was investigated using only BMI as outcome measure. Odds ratio of overweight/obesity in offspring by tertiles of maternal gestational weight gain. Adjusted for: child age, sex, physical activity and birth weight, mother's BMI, parental educational level, gestational age, mother's age at delivery, alcohol and smoking during pregnancy, gHPT, gDM, breastfeeding duration.
Definition of overweight and obesity is based on BMI cut-offs; however, BMI, besides adiposity also express body size. In the present analysis waist circumference (an index of abdominal adiposity) and skinfold thickness (a supplemental estimate of total adiposity) were considered; the findings by different anthropometric indices were consistent, thus reinforcing the relevance of gestational weight gain on child adiposity. The present study also investigated BP and metabolic profile in offspring by maternal GWG. The association between BP in offspring and maternal GWG was previously investigated in adult populations. 8, 13 The results of these studies were consistent; the higher the maternal GWG, the higher the BP in offspring, but the association was no longer significant when controlling for offspring BMI. As for adults, also in our paediatric population, the association between maternal GWG and blood pressure was dependent on either body size (BMI) or central fat deposition (waist) of the child. In contrast, in a previously published study in children, 10 offspring BP was found to be associated with maternal GWG independently of child adiposity. However, in this study, different confounders were included in the analysis; in particular, data were controlled for fat mass, but not for BMI or central fat deposition. Thus, available data almost consistently suggest that the impact of GWG on cardiovascular risk profile is mediated by the main effect on body weight that, in turn, may lead to elevated blood pressure values.
The relevance of the association between maternal GWG and adiposity degree in offspring is further reinforced by the analysis of child metabolic profile across GWG categories. A recently published study 10 analysed blood lipid profile in participating children; similarly to our findings, no relevant differences were found according to maternal GWG. However, in the above mentioned study, 10 offspring glycemic profile -which was one of the outcomes under investigation in the present study-was not evaluated. Indices of glucose metabolism, namely blood glucose, serum insulin and HOMA index, significantly increased across tertiles of GWG in the raw analysis, but they were no longer different when adjusting also for child BMI, thus suggesting that the primary 'event' associated with high maternal GWG is the increase in adiposity. Indeed, we found in our sample that HbA1c was independently associated with GWG, with highest values in the highest GWG tertile, also after adjustment for BMI. Undoubtedly, the observed differences among tertiles were far to be clinically significant; however, taking into account the young age of children participating in the IDEFICS study, we cannot exclude that abnormalities in glucose metabolism associated with GWG may become apparent later in life.
The present study has some limitations: gestational weight gain and other information regarding the period of pregnancy were collected by medical history and no official records were available. However it has been demonstrated that data related to birth recalled by parents are sufficiently accurate for epidemiological research, especially if the information is recorded within a short time from pregnancy, 29, 32 that is, during early childhood. In addition, this type of bias is unlikely to produce false associations, but it might rather produce a loss of statistical power that could not allow for a true association to be detected. Further, the retrospective design of the study might expose to the possibility of a selection bias. The comparison of maternal characteristics (age and BMI at the visit, age at child birth) between excluded and included participants did not show significant differences thus making less likely that a selection bias occurred. The lack of a reliable estimate of pre-pregnancy BMI did not allow for the adoption of the individualised IOM criteria for the definition of GWG-related risk. However, our findings were controlled for current maternal BMI, thus taking in account for a relevant maternal confounder, although we can not dissect out whether it expresses individual susceptibility to development of overweight or identified those mothers who lost less weight after pregnancy.
In contrast, strengths of the study are the large sample size, the standardisation of the procedures and the wide number of outcomes, either anthropometric or metabolic, and of the number of confounders the statistical analysis was controlled for; all these factors confer a robust power to statistical inference.
In conclusion, our study suggests that higher maternal gestational weight gain is likely to influence child growth and metabolic status in an early phase of life, mainly throughout its effect on adiposity. Further studies are required to investigate the possible mechanisms underlying this association, in particular to, changes in intrauterine environment as those associated with high GWG.
